Abstract. Lychnophora pinaster, known as arnica, is a medicinal plant of the Cerrado ecosystem in Brazil. It is widely used in the form of alcoholic extract for its antiinflammatory and anesthetic and healing effects on sprains, bruises, and inflammation. Owing to the great difficulty of propagation, it is listed by the Instituto Brasileiro do Meio Ambiente e dos Recursos Naturais Renováveis in the category of plants vulnerable to extinction. Micropropagation offers a solution to this problem by allowing the preservation and expansion of germplasm. The objective of this research was to establish a protocol for in vitro propagation of arnica. The best medium for germination of arnica embryos and plantlet growth was a quarter strength semisolid Murashige and Skoog medium (MS/4) containing 0.75% (w/v) sucrose. For shoot induction, the best results were obtained on MS/4 with 2.76 mM of benzylaminopurine. Maximum shoot elongation before rooting occurred in the presence of 8.67 mM of gibberellic acid for 19 d. Microshoots were successfully rooted in the presence of 10.7 mM of naphthalene acetic acid for 15 d. After rooted plantlets were acclimatized in a greenhouse for 20 d, the survival rate was 100% when planted in a soil from the area of occurrence of the species, whereas 0% survived when planted in Plantmax.
Lychnophora pinaster Mart. (arnica; Asteraceae) is a native woody perennial species from Brazil endemic to the stony fields of the Brazilian Cerrado, a woodland savanna, where it grows as 0.4-to 2.4-m tall bushes. Flowering occurs from August to October and fruit dispersion in the months of December, January, and February. The flowers are lavender to crimson with a length of 8 to 10 mm (Semir, 1991) . Its use as a topical application as a tincture of the aromatic leaves and flowers is considerable, owing to the antiinflammatory, anesthetic, and healing effects on bruises, sprains, and insect bites. Vegetative propagation of arnica using cuttings is somewhat troublesome because rooting is difficult. Furthermore, sexual reproduction is difficult as a result of the low viability of achenes (typically 2% to 5%). Both of these constraints encourage overharvesting of wild plants, leading to an extractive exploitation that exposes the species to the threat of extinction.
The interest in in vitro propagation of medicinal plants is clearly on the rise, because they represent the most important sources of medicines and other pharmaceutical products. Methods of in vitro propagation offer highly effective tools for germplasm conservation and mass multiplication of many plant species threatened with extinction (Murch et al., 2004; Pan et al., 2003) .
Two strategies have been used for micropropagation of woody species: callus regeneration and bud multiplication. However, plant regeneration based on callus formation can have drawbacks in regard to the maintenance of desired genetic stability as a result of somaclonal variation (Jayasankar, 2000) . In general, bud multiplication represents the most reliable method for vegetative propagation (Einset, 1991) .
Bud multiplication has been successfully used for the medicinal species Pogostemon heyneanus (Hembrom et al., 2006) , Lychnophora ericoides (Pereira et al., 2005) , Decalepis hamiltonii (Giridhar et al., 2005) , Clitoria ternatea (Rout, 2005) , Rauvolfia tetraphylla (Faisal et al., 2005) , Eclipta alba (Baskaran and Jayabalan, 2005) , Rudgea viburnoides (Bonilla, 2002) , Tournefortia paniculata (Bertolucci et al., 2000) , and Echinodorus sp (Pereira et al., 2000) .
Because micropropagation facilitates the establishment of a large number of plantlets in a relatively short period, and because there have been no studies on L. pinaster propagation, an attempt was made to develop protocols for micropropagation using nodal segments as well as plantlet development in different media for greenhouse acclimatization and field establishment.
Materials and Methods
Achenes from field L. pinaster plants were cleaned under air-flow shrunken (95%) and were separated from full (5%) achenes by water flotation. Full achenes were agitated in 70% (v/v) alcohol for 1 min, shaken in 2.5% NaCl for 20 min, and rinsed six times in distilled, autoclaved water in a laminar flow hood.
Effect of culture medium on embryo germination. Embryos were aseptically removed and cultured in horizontal position directly into culture tubes (25 · 150 mm) containing either full strength (1·), halfstrength (MS/2), or quarter-strength (MS/4) Murashige and Skoog salts with sucrose (Murashige and Skoog, 1962) and woody plant medium (WPM) (Lloyd and McCown, 1980) covered with a plastic lid and sealed with polyethylene film. Semisolid media were solidified with 0.6% Bacto agar and the pH was adjusted to 5.7 ± 0.1 before autoclaving at 1 psi and 127°C for 20 min. The tubes were placed in a growth chamber at 26 ± 1°C with a photoperiod of 16 h and light intensity of 25 to 30 mmolÁm -2
Ás
-1 under coolwhite fluorescent lamps. The same medium and conditions was used for all experiments.
Each treatment contained 25 embryos in four replications in a completely randomized experimental design. The percentage of germinated embryos was determined 15 d after culture and shoot and root lengths were measured after 45 d.
Effect of cytokinin on multiple shoot induction from nodal segments. After 4 weeks on MS/4 medium, roots were removed from in vitro germinated plantlets and one 1-cm long nodal segment was cultured vertically into shoot induction medium in culture tubes (25 · 150 mm), which was closed with a plastic lid and sealed with polyethylene film. Shoot induction medium was MS/4 containing 0.75% (w/v) sucrose, 0.7% Bacto agar, and 0, 1.11, 2.22, or 4.44 mM 6-benzylaminopurine (BA) or 0, 1.13, 2.26, or 4.52 mM thidiazuron (TDZ). After 45 d, the number of shoots per nodal segment and shoot lengths were determined. Each treatment consisted of four tubes with five replications in a completely randomized experimental design.
Effect of length of exposure to gibberellic acid on shoot elongation. One-cm long shoots were cultured vertically in semisolid 
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MS/4 medium containing 0.75% (w/v) sucrose, 0.7% Bacto agar, and 8.67 mM gibberellic acid (GA 3 ) in culture tubes. Shoots were held in GA 3 medium for 5, 10, 15, or 30 d. Shoots in the 15-d treatment were transferred to MS/4 medium without GA 3 for 30 more days. Shoot lengths were evaluated 45 d after the start of the experiment. Each treatment had five replications with four tubes per replication.
Effect of length of exposure to auxin on rooting of shoots. One-centimeter long shoots were cultured vertically in semisolid MS/4 medium containing 0.75% (w/v) sucrose and 5.37 or 10.74 mM naphthalene acetic acid (NAA) or 4.92 or 9.84 mM indole-3-butyric acid (IBA) in culture tubes as described previously. Shoots were maintained on the medium for 1, 5, 10, 15, or 30 d. In other treatments, shoots were transferred after these periods to the same culture medium without auxin. Evaluation of shoot length and total root number were made 30 d after transfer to fresh medium. Experiments were set up in a completely randomized experimental design, where the treatments were arranged in a 4 (auxin treatments) · 5 (times to maintain on the medium) factorial scheme with five replications and four tubes per replication.
Effect of substratum type on the acclimatization of plantlets. In vitro rooted plantlets were transplanted into 50-mL plastic cups filled with Plantmax (São Paulo, Brazil) (vermiculite, organic matter, macroand micronutrients; Eucatex Mineral Ltda), mineral soil not sterilized was collected from an area supporting wild arnica (''native soil''), or Plantmax:native soil (1:1 by volume) and covered with plastic bags to maintain humidity for 7 d. The native soil analyses were: pH 5.0, P and K (mgÁdm Statistical analysis. The data were analyzed by analysis of variance using a completely randomized design and regression analysis using SigmaPlot (Systat, San Jose, CA) (Windows version 8, 2002) .
Results and Discussion
Effect of culture medium on embryo germination. Embryos began to germinate 4 to 6 d after initial culture. The semisolid MS/4 medium supported the best germination rate (68%). Furthermore, the best shoot growth was observed on this medium (Fig. 1) .
No differences were observed in germination and shoot growth between MS and WPM (data not shown) (Lloyd and McCown, 1980) . Similarly, germination of Hagenia abyssinica seeds was similar in either MS or WPM (Feyissa et al., 2005) . For Derris urucu seeds, germination on MS, MS/2, MS/4, MS/8, or MS/16 medium ranged from 70% to 85% but was not different among the various media (da Conceic xão, 2000).
Low achene germination is an obstacle in the conventional propagation of L. pinaster. This problem can be overcome by in vitro propagation because a large quantity of plantlets is supplied quickly.
Effect of cytokinin on multiple shoot induction from nodal. Explants derived from young plants were successfully established in medium with a low-growth regulator concentration. In general, BA was more effective for multiplication of aerial parts, whereas there were no statistical differences among the TDZ concentrations tested (data not shown). The highest numbers of shoot buds (4.6) were obtained with 2.76 mM BA after 45 d of culture according to regression analysis (Fig. 2) . Higher BA concentrations were less effective in inducing shoot production. This rate of shoot multiplication was observed until the sixth subculture with a mean of 4.6 buds per explant throughout (data not shown).
According to Wildi et al. (1998) , the improved response at higher BA concentrations is as a result of a reduction in the quantity of free polyphenols. In treatments without cytokinin, there was no multiplication, but only regeneration of axillary buds.
In medium with 4.44 mM BA, bud number and sizes were lower than in the other concentrations tested. The buds presented symptoms of hyperhydration (abnormal leaves and swollen stems) as can happen with some species when higher cytokinin concentrations are used. In media with lower BA concentrations, no abnormal symptoms were observed. These symptoms were also observed in treatments containing TDZ (data not shown). Feyissa et al. (2005) reported the same symptoms when working on the multiplication of Hagenia abyssinica. Different responses can be obtained depending on the study species, but George (1993) claimed that BA proved very effective for multiplication of aerial parts and induction of adventitious buds. Induction of axillary buds on Psiadia arguta (Asteraceae) was satisfactory in MS supplemented with 4.52 mM TDZ (Kodja et al., 1998) . A low BA concentration (1.11 mM) also resulted in a higher number of buds (8.7) in nodal segments of L. ericoides, previously grown for 90 d in medium supplemented with 10.74 mM NAA and 17.76 mM BA (Pereira et al., 2005) .
When the length of the buds was evaluated after 45 d, the results differed between BA and TDZ as well. The length of the buds was significantly influenced by the concentration of BA (Fig. 3) .
Effect of length of exposure to gibberellic acid on shoot elongation. Optimal shoot elongation was observed for shoots exposed to GA 3 between 15 and 19 d, because after 15 d, the shoots presented 1.61 cm and grew to 1.65 cm when they were maintained for 19 d. Additional shoot elongation was not observed after exposure to GA 3 for 30 d. An inhibitory effect might have occurred incited by the longer exposure to gibberellin, maybe because of toxicity (Fig. 4) .
Because arnica is a slow-growing species, in vitro as well as in vivo, the use of gibberellins for aerial elongation can be highly valuable in the development of rootable microshoots. Figueiredo et al. (2001) reported the need of GA 3 for shoot elongation of Rollinia mucosa.
Effect of length of exposure to auxin on rooting of shoots. In vitro rooting of arnica microshoots was influenced by the auxin type. Different responses in shoot length and number of roots per shoots were obtained with the different concentrations as well as with the time the microshoots were exposed to the auxin. Lychnophora pinaster responded best to NAA. The genotypes differed in the rooting ability as observed for other species (Feyissa et al., 2005; Schoene and Yeager, 2005) . Studies with Prunus fruticosa and P. tomentosa report the best rooting of the species when a combination of NAA and IBA was used (Pruski et al., 2005) . Makunga et al. (2006) also reported the effect of the time of permanence of microshoots of Thapsia garganica in the IBA-supplemented medium. The elongated buds of Clitoria ternatea rooted within 7 to 8 d in halfstrength MS basal salts supplied with 1.34 mM NAA (Rout, 2005) .
Both auxin concentration and time of exposure of microshoots can influence rooting success. At excessive concentrations, toxicity can occur, leading to callus formation at the explant base and affecting the rhizogenesis and aerial shoot growth. However, other toxicity symptoms might only become manifested in the phase of root elongation, because there is an auxin-dependent stage in which rooting induction and initiation occurs, but if the plantlets remain in the presence of the auxin, root growth is inhibited. Still, some species can be maintained for long periods in the presence of auxin and no such toxicity is observed (Bonilla, 2002) . This was not the case for L. pinaster, because the time of auxin exposure of the microshoots influenced the root initiation and shoot growth.
We observed that a longer exposure of arnica shoots to auxin resulted in growth inhibition, even at low auxin concentrations. When the microshoots were exposed for %15 to 20 d and then transferred to an auxin-free medium, they grew normally. However, after %20 d, inhibited growth was observed. The toxicity in this case may not be a result of the concentration used, but rather the time the shoots remained in the auxin. After %15 d, the arnica microshoots had already attained sufficient shoot length for successful rooting; it is known that this is an essential factor in the development of a good root system as well.
The number of roots per arnica shoot was directly influenced by the auxin type and concentration used as well as by the time of exposure. An interaction was observed between the length of exposure and auxin concentration. It is known that rhizogenesis occurs during 1 to 3 weeks and can be divided into root induction, initiation, and elongation. In the first two phases, the roots can respond to and depend on auxin, whereas in the last phase, root growth can be inhibited by auxin. In the case of L. pinaster, the initial process of root induction appeared to occur during the supplemented with 6-benzylaminopurine. *Significant at 5% probability by the F test. first 3 weeks after transfer, as well as inhibition after the same length of time, for concentrations of NAA (5.37 and 10.74 mM) and IBA (4.92 mM) (Fig. 5) . The highest number of roots (9.79) was obtained in medium containing 10.74 mM NAA with 16 d of exposure. This was the greatest number of roots observed, because in 5.37 mM NAA, 3.68 roots were obtained after 17 d and 4.61 after 20 d when using 4.92 mM IBA. Root numbers were lowest in medium containing 9.84 mM IBA (Fig. 5) . Root production in the presence of 10.74 mM NAA increased from explants for %15 d, after which it gradually decreased. This effect was weaker from microshoots in medium containing 4.92 mM IBA or 5.37 mM NAA, although root production decreased after %20 d. There were no differences among regression curves of root production on these concentrations or 10.74 mM NAA.
The influence of auxin on in vitro rooting is variable among various plant species, and in some cases, toxic effects from longterm exposure are not observed. In the case of Rudgea viburnoides, shoots remained in the presence of 2.46 mM IBA for 60 d without negative effects (Bonilla, 2002) . In that case, the lower concentration may explain the lack of toxicity. However, the time of exposure was 45 d longer than in L. pinaster, which apparently achieved optimal root production after only 15 d of auxin exposure. Echeverrigaray et al. (2000) also obtained good rooting responses of Chamomilla recutida at 0.5 mM IBA. Higher IBA concentrations (19.6 mM) were used in studies with Prunus armeniaca (Koubouris and Vasilakakis, 2006) . Effect of substratum type on acclimatization of plantlets. When plantlets of L. pinaster were transplanted to the commercial substratum Plantmax, the survival rate was 0%. In contrast, there was 100% survival of the plantlets transplanted into mineral soil collected from an area supporting wild arnica (''native soil''). Approximately 80% plantlet survival was observed in a 1:1 mixture of native soil and Plantmax. We speculate that native soil may have contained mycorrhizae or other symbiotic microorganisms that allowed the transplants to survive.
The use of plastic bags to maintain the humidity in the first days of acclimatization was effective, because plantlets under this treatment grew well. Figure 6 shows the micropropagation of L. pinaster from the beginning with the multiple buds until the final acclimatization stage.
Some medicinal plant species apparently do not have special requirements for acclimatization and transplanting. When Bertolucci et al. (2000) used the commercial substratum Plantmax for plantlet acclimatization of the species Tournefortia cf paniculata, the survival rate was 100%. The survival rate with Echninodorus sp plantlets was also 100% when transplanted into compost + red latosol (2:1) (Pereira et al., 2000) .
In conclusion, micropropagation of L. pinaster was successful under a relatively simple tissue culture regime. MS/4 medium performed best of the recipes tested for in vitro cultivation of this species. In vitro multiplication of arnica was performed using low concentrations of BA to induce multiple buds. For rooting in vitro, good results were obtained with shoots exposed to 10.74 mM NAA for 15 to 20 d and transferred to culture medium without a growth regulator. Fieldready L. pinaster plants were obtained by transplanting into soil collected from wild arnica areas. supplemented with 8.67 mM gibberellic acid. *Significant at 5% probability by the F test. Fig. 5 . Number of roots of Lychnophora pinaster plantlets related to time in Murashige and Skoog medium supplemented with a-naphthalene acetic acid (5.37 or 10.74 mM) or indole-3-butyric acid (4.92 or 9.84 mM). *Significant at 5% probability by the F test. 
